Partitioning of Ni, Co and V between Cr-rich spinels and basaltic melt has been studied experimentally between 1150 and 1325 12 8C, and at controlled oxygen fugacity from the Co-CoO buffer to slightly above the hematite-magnetite buffer. These new results, 13 together with new Ni, Co and V analyses of experimental run products from Leeman [Leeman, W.P., 1974. Experimental 14 determination of the partitioning of divalent cations between olivine and basaltic liquid, Pt. II. PhD thesis, Univ. Oregon, 231-15 337.], show that experimentally determined spinel-melt partition coefficients (D) are dependent upon temperature (T), oxygen 16 fugacity ( fO 2 ) and spinel composition. In particular, partition coefficients determined on doped systems are higher than those in 17 natural (undoped) systems, perhaps due to changing activity coefficients over the composition range defined by the experimental 18 data. Using our new results and published runs (n = 85), we obtain a multilinear regression equation that predicts experimental 19 D(V) values as a function of T, fO 2 , concentration of V in melt and spinel composition. This equation allows prediction of D(V) 20 spinel/melt values for natural mafic liquids at relevant crystallization conditions. Similarly, D(Ni) and D(Co) values can be inferred 21 from our experiments at redox conditions approaching the QFM buffer, temperatures of 1150 to 1250 8C and spinel composition 22 (early Cr-bearing and later Ti-magnetite) appropriate for basic magma differentiation. When coupled with major element modelling 23 of liquid lines of descent, these values (D(Ni) sp/melt = 10 and D(Co) sp/melt = 5) closely reproduce the compositional variation 24 observed in komatiite, mid-ocean ridge basalt (MORB), ocean island basalt (OIB) and basalt to rhyolite suites. 25 D 2005 Published by Elsevier B.V.
Spinel-structured oxides are known to concentrate 30 certain transition metals and thus play an important role 31 in controlling, for example, Ni, Co, Cr and V contents 32 in basic and ultrabasic magmas during differentiation 33 (e.g., Irving, 1978) . Extensive solid solution between 34 aluminous-, chromian-, titanian-and ferric iron-bearing 35 end members makes the compositions of these oxide 36 minerals in natural systems quite variable. Previous 37 studies have shown extremely compatible behavior 38 for Ni and Co, indicating partition coefficients D(M) 39 (defined as weight of an element M in the mineral 40 phase divided by the weight of M in the co-existing 41 melt) as high as 70 for D(Ni) and 15 for D (Co) in 42 magnetite (e.g., Nielsen et al., 1994) . Available exper-43 imental data indicate that D(M) values for spinel are 44 strongly dependent upon variables such as temperature 45 (T), composition and oxygen fugacity ( fO 2 ). For in- 46 stance, chromite stability is temperature-and oxygen 47 fugacity-dependent (Barnes, 1986 ; Roeder and Rey-48 nolds, 1991; Hanson and Jones, 1998) , and partitioning 49 of V between magnetite and melt is fO 2 -dependent due 50 to the variable valence of V-between 3+ and 5+ 51 . Despite this knowledge, a compre-52 hensive understanding of Ni, Co and V partitioning 53 remains elusive. Nielsen et al. (1994) attempted to 54 quantify the T, fO 2 and spinel compositional depen-55 dence of D(V), but was unable to satisfactorily repro-56 duce the available data. We have tried similar 57 approaches to parameterize D(Ni) and D(Co) with no 58 greater success. Such efforts clearly show that the 59 currently available data sets are inadequate to constrain 60 the systematics of compatible trace element partitioning 61 between spinel and silicate melt.
62 To better understand Ni, Co and V partitioning 63 during basic magma differentiation, we carried out 64 four series of experiments designed to generate spinels 65 with a large compositional range such as in natural 66 systems with Ti-Al-Cr-Fe. In addition, we analyzed 67 the experiments of Leeman (1974) on natural 68 basalts-in some cases doped with up to 2% of Ni 69 and Co, but with natural concentrations of other ele-70 ments. Together with previous experiments, these new 71 measurements reveal a large difference in partition 72 coefficients derived from doped and undoped experi-73 ments; partition coefficients determined from undoped 74 experiments are as much as a factor of 10 lower than 75 those from previous work on doped systems. In addi-76 tion, we demonstrate the importance of spinel compo-77 sitional variation on partition coefficients, especially 78 for V. 79 2. Experimental techniques 80 A Hawaiian ankaramite, doped with 1% of Cr 2 O 3 in 81 order to ensure the stability of spinel as demonstrated 82 previously by Roeder and Reynolds (1991) , was used 83 to study spinel-melt equilibrium (Table 1) . This com-84 position was placed in 3 mm o.d. Au 75 Pd 25 capsules 85 (0.15 mm walls) and crimped (but not welded) at the 86 top to allow equilibration of the sample with the buffer. 87 These capsules were then placed in an evacuated silica 88 tube with an alumina crucible containing various oxy-t1.1 Table 1 Starting compositions used in this study (1) Hawaiian ankaramite (Chen et al., 1990 ).
t1.16
(2) Kilauea Iki picrite (Leeman, 1974) .
t1.17
(3) Snake River Plain olivine tholeiite (Leeman, 1974 (Table 2) . 117
In addition, experimental run products from the 118 study of Leeman (1974) (cf. Leeman and Lindstrom, 119 1978) were analyzed. Although the focus of that study 120 was olivine-melt partitioning of Ni and Co in picritic 121 and tholeiitic compositions (Tables 1 and 2), many of 122 the runs also contained spinels. Spinels were analyzed 123 from seven series of experiments, between 1150 and 124 1300 8C ( Fig. 1 ). Each series consists of five separate 125 samples: one undoped composition, and four doped 126 with 1% and 2% of NiO and 1% and 2% CoO. 127 Oxygen fugacity was close to air for three of the series 128 and approximately 1 log fO 2 unit above NNO for the 129 four other series (see Table 2 ). Melt Fe 3+ / P Fe was 130 determined from spinel chemistry (in the undoped 131 charge) following Maurel and Maurel (1983) , then 132 used to calculate melt fO 2 (F 0.2 log fO 2 units; 133 
t3.27
Numbers in parentheses represent the standard deviation from the mean of the analyses for each run; standard deviations for major elements are typically 2% or less.
t3.28
Underlined concentrations are unusually low and correspond to anomalously high D values.
t3.29 (Table 3) . For V, glasses in Table 5 were used for calibration. Analysis conditions are discussed in the text. Table 5 were used for calibration of V and Co. Analysis conditions are discussed in the text.
t8.1 t10.32 201 8.0 (9.7, 6.7) 1.9 (2.3, 1.5) 0.11 (0.13, 0.09) T5-5 5.0 (5.9, 4.1) 4.0 (4.9, 3.1) 11.5 (13.9, 9.1) t10.33 202 5.0 (6.6, 3.7) 1.2 (1.5, 0.9) 0.12 (0.15, 0.10) t10.34 T11-1 6.3 (7.4, 5.2) -6.3 (7.6, 5.0) t10.35 Ariskin and Nikolaev (1996) and 283 NBO/T is calculated according to Mysen (1991 Canil (1997 Canil ( , 2002 and Toplis and Corgne (2002) . Symbols for previous studies are slightly smaller than those for the new results. 324 Although it is likely that each experiment approached 325 equilibrium, as discussed above, the high levels of Ni or 326 Co make interpretation and comparison with other runs 327 more complicated. Runs 190 and 196 are clearly anom-328 alous for Ni and Co, respectively. In each case, glass 329 analyses are unusually low, resulting in very high spinel 330 partition coefficients. Accordingly, these runs are ig-331 nored in discussions of our data.
332 Comparison of our results to those of previous stu-333 dies using doped compositions reveals that the partition 334 coefficients in doped runs are often higher (Fig. 7 ). An 335 important feature of most data sets is that the spinel-336 melt partition coefficients increase with increasing con-337 centration of Ni, Co or V in spinel, even when temper-338 ature and relative oxygen fugacity are nearly constant 339 (Fig. 7) . In addition, D(V) spinel/melt varies with 340 compositional parameters such as X Ti and X V . Because 341 Ni and Co exhibit distinct behavior from V, they will be 342 discussed separately below. 348 Two sets of experiments can be examined for poten-349 tial temperature effects at NNO and at MHO, with each 350 series including data from experiments carried out be-351 tween 1150 and 1325 8C. It is clear from both series 352 that there is no systematic variation of either D(Ni) or 353 D(Co) spinel/melt attributable to temperature alone 354 (Fig. 8 ). Variation in both series is more likely related 355 to differences in spinel composition, as will be seen 356 below. Table 11 ). A series of 430 experiments carried out at 1250 8C and across 7 orders 431 of magnitude change in oxygen fugacity reveals no clear 432 dependence upon oxygen fugacity considering the var-433 iability of D values within each experiment (Fig. 9 ). The 434 direct effect of changing oxygen fugacity is likely to be 435 small, as suggested by the data of Toplis and Corgne 436 (2002) for magnetite/melt partitioning of Ni, Co and 437 Mn. Thus, the differences in D(Ni) and D(Co) spinel/ 438 melt observed between runs in Fig. 9 are most likely 439 related to changes in spinel composition. 440
There are not clear variations in D with changing 441 major element composition (Al, Cr, Ti, Fe 3+ ), but there 442 are some variations that are related to Ni or Co 443 content. Although there may be a slightly higher 444 D(Ni) observed in some Ti-or Fe 3+ -bearing spinels 445 ( Fig. 10) , there are many Ti-rich spinels for which 446 D(Ni) are low. Similarly, Cr-bearing spinels exhibit 447 both low and high D(Ni) and D(Co) values (Figs. 5 448 and 6), indicating that Cr content is not a dominant 449 controlling factor in the value of the partition coeffi-450 cient. The most significant factor in many data sets 451 appears to be the Ni or Co content of the spinel (Figs. 452 10 and 11). For instance, the highest D's in individual 453 data sets are generally those in which the spinels have 454 the highest Ni and Co content (Figs. 7 10 and 11), but 455 similar major element bulk compositions (e.g., Cr, Al, 456 Ti, Fe 3+ ). In particular, the runs of Leeman (1974) 457 show increasing D(Ni) and D(Co) with Ni and Co 458 content. Because some of these spinels are very Ni-459 and Co-rich, the unit cell sizes will be larger than most 460 natural spinels (Table 11) , and this may have a large 461 effect on the partition and activity coefficients. In 462 summary, variations in D(Ni) and D(Co) spinel/melt 463 are likely a result of spinel compositional variation. 464 Spinels with lower Ni or Co contents generally yield 465 lower partition coefficients, suggesting that previous 466 experimental studies involving doped systems, have 467 overestimated partition coefficients. Unravelling the controlling variables behind parti-470 tioning of V in spinels has proven difficult because 471 temperature, oxygen fugacity, and spinel chemistry 472 are linked and difficult to separate experimentally. As 473 with Ni and Co, variation in D(V) spinel/melt may be a 474 result of variation in all three of these parameters.
475
The influence of temperature has been difficult to 476 isolate due to use of different bulk compositions and 477 oxygen fugacities in experimental studies. Variation in 478 D(V) spinel/melt in suites at constant fO 2 (the most 479 reduced runs, near NNO; Fig. 8 ), but variable temper-526 ature, suggest some dependence upon temperature (Fig.  527  8) . However, some of the variation seen in Fig. 8 can be 528 attributed (as will be seen below) to compositional 529 differences in the spinel (e.g., high and low Ti spinels 530 at the same fO 2 ). If one focuses instead on systems of 531 similar composition and constant fO 2 , there are clear 532 differences in D(V) that can be attributed to tempera-533 ture; specifically, D(V) increases at lower temperatures 534 ( Fig. 8 ). It is also interesting to note that the higher 535 oxygen fugacity runs do not show any temperature 536 dependence, perhaps due to the stability of V 5+ , 537 which is likely to be incompatible in spinel regardless 538 of temperature. 539 Variation in D(V) arising from changing oxygen 540 fugacity is likely to be extensive, because V is multi-541 valent, stable in 5+, 4+, 3+ under terrestrial conditions 542 and perhaps 2+ under highly reducing conditions (Bor-543 isov et al., 1987; Schreiber et al., 1987; Delaney et al., 544 2002) . Evidence that V 3+ is likely to be compatible in 545 spinels comes from both natural and experimental sys-546 tems. The negative correlation between Cr and V and 547 the positive correlation between Ti and V observed in 548 terrestrial spinels may imply that V is predominantly 549 trivalent and entering spinel on the octahedral site like Fig. 12 . D(V) spinel/melt vs. X Ti , fO 2 and temperature, illustrating the importance (and interdependence) of all three of these variables. (A) The strong effect of X Ti on D(V) spinel/melt is illustrated in three different data sets-our experiment T9, and Toplis and Corgne (2002) . (B) Although there is an overall dependence of D(V) spinel/melt on fO 2 , as suggested in several previous studies, this effect is accompanied by variation due to temperature and compositional effects. Consideration of all data together, making such D(V)-fO 2 correlations less coherent. To understand the cause of variation in D(V) spinel/melt completely will require an understanding of each of these variables separately and independently of one another. Symbols for previous studies are slightly smaller than those for the new results.
Cr (e.g., Nehru et al., 1974 ). An Al-V anti-correlation 551 observed in experimentally produced aluminous spinels 552 (Mg-V-Al-O system) provides further evidence for 553 trivalent V substitution (Canil, 2002 Figs. 9 and 12 ), but when all data are considered 569 together it is evident that scatter in the trend must be 570 due to the additional effects of temperature and spinel 571 composition ( Fig. 9) .
572 There is also a strong spinel compositional control 573 on D(V), with V and TiO 2 contents of spinel being most 574 important (Figs. 7 and 12). For example, four different 575 series at nearly constant fO 2 from the Leeman (1974) 576 runs show a positive correlation of D(V) with TiO 2 and 577 V, but also a significant temperature-dependence ( Fig.  578  13) . In addition, series T14 shows that high TiO 2 spinel 579 (in run #14-1) will cause a higher D(V) at constant T, 580 fO 2 and V doping level (Fig. 13) (Fig. 15 ).
708 The amount of olivine fractionated before chromite 709 saturation is 20.5% and the amount after is 32.9%.
710 Because this suite is well understood and fractionation 711 of only olivine and chromite can account for the vari- (Rhodes, 1996; Albarède, 1996) . The calculated trends are those resulting from major element modeling using MELTS (Ghiorso and Sack, 1994) , and assuming sample R091 as a parental liquid at 5 kb, QFM buffer, between 1500 and 1200 8C. The trends shown correspond to liquid evolution during fractionation of 11.6% olivine, 34.3% orthopyroxene and 0.53% spinel. Trace element concentrations are calculated using the results of this study (for spinel) and published D's of Green (1994) 728 gioclase feldspar and clinopyroxene; based on MELTS 729 modeling, crystallization conditions appear to range 730 from 1300 to 1150 8C, at 1 bar and 2 log fO 2 units 731 below the QFM oxygen buffer. Notably, there is a trend 732 of increasing V with decreasing Cr, Ni, Co and MgO 733 ( Fig. 16) . At MORB-relevant oxygen fugacities (e.g., 734 QFM; Christie et al., 1986) , previous studies have 735 indicated that D(V) spinel/melt is much higher than 1 736 and as high as 28 (Canil, 1997 (Canil, , 2002 . Here, we calcu-737 late using Eq.
(2) a value of 14, similar to values 738 measured by Canil (1997 Canil ( , 2002 . Using D(Ni) spinel/ 739 melt = 10, D(Co) spinel/melt = 5 and D(V) spinel/ 740 melt = 14, fractionation of 0.6% chromite, 8.4% olivine, 741 26.0% feldspar and 22.9% pyroxene satisfactorily 742 reproduces the MORB data. . The variation can be adequately modelled using partition coefficients of D(V) = 30 and D(Ni) = 10. This spinel (magnetite) contains close to 15 wt.% TiO 2 , similar to the spinel (magnetite) in the rhyolites . Solid lines with crosses are calculated liquid lines of descent for fractionation of DG30 basalt at 0.5 kb, FMQ-2, at 10 8C intervals (using MELTS of Ghiorso and Sack, 1994) . Note the initial FeO-TiO 2 enrichment is due to the crystallization of olivine, augite and plagioclase. FeO and TiO 2 depletion is caused by the stabilization of magnetite among the fractionating phase assemblage. Both Ni and V decrease substantially once magnetite joins the fractionating assemblage, and can be modelled using the partition coefficients used in this study. The cumulative amount of phases fractionated is as follows: 11% olivine, 28% augite, 37% plagioclase and 6% magnetite. Trace element concentrations are calculated using the results of this study (for spinel) and published D's of Green (1994) and Roeder and Reynolds (1991) : D(V): oliv/melt = 1, cpx/melt = 2, plag/melt = 0.001, spinel/melt = 30; D(Ni): oliv/melt = 5, cpx/melt = 1, plag/melt = 0.001, spinel/melt = 10. (B) Ni, Co and V variation with MgO in a suite of lavas from Craters of the Moon, Idaho (Leeman et al., 1976 . The suites can be adequately modeled using the same set of partition coefficients as the Galapagos suite. The variation can be adequately modelled using partition coefficients of D(V) spinel/ melt = 26, D(Ni) spinel/melt = 10 and D(Co) spinel/melt = 5. Solid lines with crosses are calculated liquid lines of descent for fractionation of 69-28 basalt at 1 bar, NNO, at 20 8C intervals (using MELTS; Ghiorso and Sack, 1994) . The cumulative amount of phases fractionated is as follows: 6% olivine, 13.3% augite, 34.9% plagioclase, 3.7% apatite and 16.3% magnetite. Trace element concentrations are calculated using the results of this study (for spinel) and published D's of Green (1994) 
